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Abstract

Cold plasma is a partially ionized state of matter that unites high reactivity and mild condi-
tions. Therefore, cold plasma reactors are intriguing for reaction engineering. In this work,
a laboratory scale dielectric barrier discharge (DBD) cold plasma reactor was designed,
set up, and used for studying the influence of the specific energy input (SEI) on the prod-
uct spectrum of the partial oxidation of methane. In total, 23 experiments were carried
out near ambient conditions with a molar reactant ratio of methane to oxygen of 2:1 at
SEI between 0.3 and 6.0 J cm™. The feed also contained argon at a mole fraction of
0.75 mol mol™!. The product stream was split into a fraction that was condensed in a cold
trap and the remaining gaseous fraction. The latter was analyzed at-line in a gas chroma-
tograph equipped with a dual column and two carrier gases. The condensed fraction was
analyzed by qualitative and quantitative 'H and '*C NMR spectroscopy, Karl Fischer titra-
tion, and sodium sulfite titration. In the product stream, 16 components were identified and
quantified: acetic acid, acetone, carbon dioxide, carbon monoxide, ethanol, ethane, ethene,
ethylene glycol, formaldehyde, formic acid, hydrogen, methanol, methyl acetate, methyl
hydroperoxide, methyl formate, and water. A univariant influence of the SEI on the con-
versions of methane and oxygen and the selectivities to the products was observed. The
experimental results provided here are an asset for developing reaction kinetic models of
the partial oxidation of methane in DBD plasma reactors.
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Introduction

Cold plasma technology is interesting as the presence of excited species, radicals, ions, and
free electrons in the plasma opens up new reaction pathways at mild conditions [1]. Dielec-
tric barrier discharge (DBD) cold plasma technology is particularly suited for applications
in reaction engineering: it is comparatively easy to operate and also works at ambient con-
ditions [2, 3] and it has a large volume excitation in an energy range capable for the excita-
tion of atomic and molecular species and the breaking of chemical bonds to initiate chemi-
cal reactions [4, 5]. The most important application of DBD cold plasma is the generation
of ozone, first described by Siemens [6]. Today, there is a growing number of possible
applications that are discussed, such as wastewater treatment [7], decomposition of volatile
organic compounds [8], and the synthesis of value-added products in organic chemistry [5,
9-15]. For the latter, the DBD cold plasma is often investigated in the context of C; chem-
istry, namely for the partial oxidation of methane (CH,) with oxygen (O,) [10, 16-41].
Many of those investigations also combine the DBD cold plasma with a catalyst [21, 22,
27-29]. In some of these studies, also other educts, which undergo reactions, such as water
[10, 24, 30, 31], hydrogen [32], and starch [33] were added. By adding noble gases to the
feed, such as helium or argon, explosion limits can be circumvented [42], the discharge
uniformity is improved, and the breakdown voltage is decreased [43, 44]. Most of these
studies were carried out with a focus on chemistry in the plasma and not with a focus on
reaction engineering aspects. With the present work, we want to contribute to closing this
gap. For this reason, we focus on the basic reaction system of the uncatalyzed partial oxi-
dation of CH, with pure O, in the presence of the inert gas argon (Ar).

Investigations of cold plasma reaction technology are challenging not only because it
requires applying high voltage, but in particular because a plethora of different components
are formed which need to be analyzed, both qualitatively and quantitatively. In the litera-
ture, the analysis of the product stream from cold plasma oxidation of CH, with O, usually
focuses on the synthesis gas components hydrogen and carbon monoxide as well as on
a few oxygen-containing compounds, such as methanol or formaldehyde. The most com-
prehensive studies of cold plasma oxidation of CH, have been carried out by Larkin et al.
[20], Goujard et al. [25], and Chawdhury et al. [27], but even in these, quantitative data on
products such as acetic acid, ethanol, and methyl formate are often only available for a sin-
gle experiment. Astonishingly, an important product does not seem to have been analyzed
quantitatively in the literature studies so far: water.

In the present work, the product stream from the reactor was split into a fraction that
was condensed in a cold trap and the remaining gaseous fraction. The gaseous fraction of
the product stream was analyzed at-line in a gas chromatograph (GC) with a thermal con-
ductivity detector. The use of a double column and two different carrier gases allowed for
the analysis of a variety of components, including: CH,, O,, Ar, carbon monoxide, carbon
dioxide, ethane, ethene, and hydrogen. The fraction from the cold trap containing compo-
nents such as alcohols, acids, water, and formaldehyde was analyzed offline. The main tool
applied for this analysis was quantitative nuclear magnetic resonance (NMR) spectroscopy,
which was complemented by titration techniques (Karl Fischer for water and sodium sulfite
for formaldehyde). The analytical procedures were based on previous experience of our
group with similar systems [45-50].

With this experimental and analytical set-up, we conducted a series of 23 experiments,
in which the reactor was always operated at ambient pressure and near-ambient tempera-
ture in steady-state. The goal of these experiments was to elucidate the influence of the
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specific energy input SEI, i.e., electrical power divided by volumetric feed flow rate, on the
spectrum of the product stream. The molar reactant ratio of (CH,:0,) and the molar dilu-
tion ratio of (reactants:Ar) were kept constant in all experiments. The new results extend
the knowledge on the influence of the SEI on the conversions and selectivities in cold
plasma partial oxidation of CH, with O, considerably.

Materials and Methods
Experiments

Figure 1 shows the cold plasma reactor; Fig. 2 shows the set-up for analyzing the product
stream. The cold plasma reactor consists basically of a tube (inner diameter 12 mm), in
which the high voltage electrode is mounted concentrically in a second tube (outer diame-
ter 6 mm). The entire reactor has a length of 350 mm. It is made from borosilicate glass and
surrounded by a thermostatization jacket, through which water was circulated, and which
contained the ground electrode. The active volume of the reactor in the zone, where plasma
can be generated, is about 26.3 cm?®. Both electrodes were made from 1.4571 stainless steel
(X6CrNiMoTi17-12-2). They were connected to a high voltage generator from GBS Elek-
tronik (MINIPULS Universal). The primary voltage supply of the MINIPULS Universal
was adjustable in a range from O to 60 V with a frequency from 0.5 to 50 kHz. The output
signal of the MINIPULS Universal is a sinusoidal, high frequency high voltage u(z), where
t is the time, and the maximal effective output power is 700 W (averaged over the cycle).
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Fig. 1 a Cold plasma reactor with mass flow controllers (FC) for argon (Ar), methane (CH,), and oxygen
(0,), the connection of the electrodes to the electrical equipment, as well as pressure p and temperature 7'
measurement in the periphery. b Photographs of the cold plasma reactor during operation (left: daylight,
right: dimmed light in laboratory)
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Fig.2 Analytical system consisting of a temperature-controlled sampling unit with three multi-way valves,
V-I to V-III. The valves provide connections to two cold traps (CT) and to a sample loop (SL) for the gas
chromatographic analysis (GC). The sample loop can also be evacuated (Vac) or filled with an external ref-
erence gas (Ref). The GC can be operated with two carrier gases, helium (He) and nitrogen (N,).

The instantaneous current i(¢) between the electrodes was measured with a current probe
from Pearson Electronics (Model 6585). Both signals, u(f) and i(f), were recorded with a
digital storage oscilloscope from Tektronix (TBS2104) with a sample interval of 8-107 s.
The effective power P fed to the reactor is calculated from Eq. (1)

p = l/p u(t) i(t) de (1)

where 7, is the duration of one period. This method to calculate the power yields results
which are equivalent to those from the Lissajous method and was recommended for plasma
applications by Holub [51].

Table 1 provides information on the chemicals that were used in the experiments. All
chemicals were used without further purification. The feed of the cold plasma reactor con-
sisted of a mixture of Ar, CH,, and O,. The three gases were supplied from high-pressure
cylinders equipped with pressure-reducing valves, which were set to pressures slightly
above 1 bar. For monitoring and safety purposes, a pressure gauge (WIKA P-30) and a
pressure relief valve were installed in the feed line of the plasma reactor. For analytical
purposes, two pressure gauges (WIKA P-30 and MKS 690A13TRA) were installed in the
analytical section, cf. Fig. 2. The uncertainty of the pressure measurement is 0.5 mbar for
all gauges. The readings of the WIKA instruments were recorded with the WIKA Easy-
Com 2011 software and noted manually for the MKS instrument. The flow rates of the
three gases were controlled individually by three mass flow controllers from Bronkhorst
(EL-FLOW Prestige). Additionally, the mass flow controllers measured and recorded the
inlet temperature of the feed gases. The relative uncertainty of the mass flow measure-
ment was 0.4%. The outlet temperature of the product stream was measured with a resist-
ance thermometer from Temperatur Messelemente Hettstedt GmbH (Pt100). The read-
ings of the thermometer and the Bronkhorst instruments were recorded using LabVIEW
2013. An electrical heating tape was installed around the line at the outlet of the reactor
(cf. Fig. 1 panel a)), as condensation was detected there. The inlet and outlet temperatures
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Table 1 Overview of the

chemicals that were used in the Chemical Supplier Purity /g g™

experiments Argon Air Liquide 0.99999
Methane Air Liquide 0.99500
Oxygen Air Liquide 0.99998
Carbon dioxide Air Liquide 0.99995
Helium Air Liquide 0.99999
Hydrogen Air Liquide 0.99999
Nitrogen Air Liquide 0.99990
1,4-dioxane Sigma-Aldrich 0.99900
Reference gas mixture® Linde 0.99900

20.76 mol mol~' carbon monoxide, 0.19 mol mol™" ethane,
0.05 mol mol~! ethene

were averaged over the duration of each experiment. We specify the uncertainty of these
average values as the uncertainty of the measurement including the standard deviation of
the temperature fluctuations over the course of the experimental duration. The uncertainty
of the average temperature at the reactor inlet is 1 K. Since the outlet temperature was addi-
tionally influenced by the following heating, the uncertainty of its mean value is 2 K. The
cooling water for the thermostatization jacket was taken from a central supply line with an
inlet temperature of about 291 K. A part of the analytical section, containing three main
valves and a sample loop (cf. Fig. 2), was thermostatted to 313 K using a thermostat from
Julabo (F25) with water as medium.

The volumetric feed flow rate was calculated from the mass flow rates and the results for
the feed temperature and pressure using the ideal gas law. The residence time = was calcu-
lated from the active reactor volume V (the volume that was illuminated) and the volumet-
ric feed flow rate V°

vV

T=25 @

The specific energy input SEI was calculated by normalizing the power by the volumet-
ric feed flow rate, as given by Eq. (3).
P
SEI = % 3)
In the analytical section, the product stream was split into a condensable fraction in a
cold trap for offline analysis and into the remaining gaseous fraction that was analyzed
at-line. Furthermore, the analytical section was equipped such that it can be evacuated,
purged, and connected to a calibration gas supply. To achieve this, several valves were
installed as shown in Fig. 2. V-I was a 4-way, 2-position valve from Swagelok (SS-45YF4);
V-II and V-III were 6-way, 2-position valves from VICI (DC6WE). There are two cold
traps, so that CT 1 was used for the sampling and CT 2 was used in the pre-run mode. The
cold traps were made of glass and were operated at 195 K with a mixture of solid carbon
dioxide and isopropanol. The valve position depicted in Fig. 2 is the one in which the sam-
ple is collected in CT 1 and the gaseous fraction is led to the GC for analysis.
For the start-up of the plant, V-I was switched to the pre-run mode, so that the product
stream only passed CT 2. The primary voltage was set to a target value and subsequently,
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the frequency was reduced beginning from its maximum value until cold plasma was pre-
sent in the reactor. During this start-up, the cold plasma was not homogeneous, but light-
ning-type fluctuating luminous effects were observed, accompanied occasionally by a loud
sizzling noise. Once homogeneous plasma was obtained and the noise stopped, the electri-
cal parameters were kept constant; then, a steady-state in the reactor is reached, which took
only a few minutes. V-1 was then switched to sampling mode and the product stream was
led to CT 1. The gas fraction from the outlet of CT 1 was first led through CT 2 and then
split up. A part was released, the other part was led to the sampling valve V-III, which was
equipped with a 100 pl sample loop. By switching V-III, samples from the sample loop
were injected to the GC. This procedure was repeated several time during one stationary
run. V-II was installed to switch between experiment and calibration and was not used dur-
ing an experiment.

In the experiments of the present work, the residence time 7 was varied from 0.5 to
4.7 s and the primary voltage from 12 to 44 V. All experiments were conducted with a
feed composition of 0.750 mol mol™" Ar, 0.167 mol mol~' CH,, and 0.083 mol mol~! O,.
This corresponds to a molar reactant ratio (CH,:0,) in the feed of 2:1, which is above the
upper explosion limit. With this feed composition, the necessary frequency to ignite the
cold plasma was in a range from 10 to 14 kHz. The resulting power P and the SEI were in
a range from 16 to 33 W and from 0.3 to 6.0 J cm™>, respectively. The duration of the runt-
ime in steady-state was chosen such that enough liquid sample was accumulated for analy-
sis (about 3 ml) and so that at least six GC measurements were carried out, i.e., three for
each carrier gas. On average, the duration of a single experiment was five hours. Detailed
information on the individual experiments conducted in the present work with correspond-
ing process parameters, electrical parameters, and numerical data is given in Table S 1 and
Table S 2 in the Supporting Information.

Analysis of the Product Stream
Overview

Cold trap 1 was sealed at the end of the experiment and the trapped solid material was
allowed to melt overnight. The mass of the sample in the cold trap (hereafter referred to as
CT sample) was determined by means of differential weighing of CT 1 before and after the
experiment using a balance from Mettler Toledo (PR1203, accuracy 1 mg). The CT sam-
ple was analyzed with NMR spectroscopy and wet-chemistry methods, which provided the
mass fractions of the different components. The obtained mass fractions in the CT sample,
the total mass of the CT sample from differential weighing, and the sampling time were
used to calculate the molar component flows of the analyzed components. Further, the
GC analysis provided the molar fractions of the components in the gaseous fraction of the
product stream. The obtained molar fractions and the known molar flow of Ar were then
used to calculate the molar component flows of the components analyzed by GC. Table 2
lists all components analyzed in the product stream. There, each component is provided
with an abbreviation, which will be used hereafter for the sake of clarity.

The CT sample contains components that are reactive at ambient conditions also when
they are not exposed to cold plasma. We only mention the classes of reactions here that
have consequences for our work: with H,O, FA reacts to MG and with alcohols, FA reacts
to hemiformals [50]. Both these products can react further with FA yielding oligomers
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Table 2 Overview on components of the product stream that were analyzed

Component Abbrevia Part Analysis method
Acetic acid HAc CT NMR
Acetone Ace CT NMR
Argon Ar Gas GC
Carbon dioxide CO, i CT NMR
CO, Gas GC
Carbon monoxide CcO Gas GC
Ethane C,Hq Gas GC
Ethanol EtOH CT NMR
Ethene C,H, Gas GC
Ethylene glycol EG CT NMR
Formaldehyde FA CT Sodium sulfite titration
Formic acid FAc CT NMR
Hydrogen H, Gas GC
Hemiformal HF CT Sodium sulfite titration and NMR
Hemiformal hydroperoxide HFO CT Sodium sulfite titration and NMR
Methane CH, Gas GC
Methanol MeOH CT NMR
Methyl acetate MeAc CT NMR
Methyl formate MeFo CT NMR
Methyl hydroperoxide MeOOH CT NMR
Methylene glycol MG CT Sodium sulfite titration and NMR
Oxygen 0, Gas GC
Water H,0 CT Karl Fischer titration

The table also lists whether the component was found in the cold trap (CT) or in the gaseous fraction after
the cold trap (Gas)

(polyoxymethylene glycols and polyoxymethylene hemiformals in the case of MeOH as
alcohol).

The titration methods we have used break up the reaction products, yielding what we
call overall concentrations. In contrast, NMR analysis yields true concentrations, i.e., also
information on the reaction products. The reactions of FA that are relevant for the present
work are:

FA +H,0 = MG 00}
FA + MeOH = HF I
FA + MeOOH = HFO (I11)

Formaldehyde oligomers were only detected in very small amounts and not quantified.
It makes no sense to quantify MG, HF, and HFO individually in the CT sample as the spe-
cies distribution in formaldehyde containing mixtures changes completely upon condensa-
tion. In particular, it is known that most of the FA is present as the monomer in the gas
phase, whereas in the liquid phase, the concentration of monomeric FA is very low [45, 47,
48, 52-54]—so low that it could not be detected here. Hence, we ignore Reactions (I)—(I1I)
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and instead directly report the overall concentrations that are obtained from the sodium
sulfite titration for FA and from the Karl Fischer titration for H,O. Similar to Reactions (I)
— (IID), reactions also occur with other aldehydes [55, 56]. For instance, acetaldehyde has
been detected in the condensate of cold plasma oxidation of CH, by Larkin et al. [19, 20]
and Goujard et al. [25], but reaction products of acetaldehyde with H,O or alcohols were
not found in this work.

Regarding the other products, we remark the following: Interestingly, CO, was only
found in its molecular form and not as bicarbonate, as it might have been expected since
the samples contain water. The reason is that the sample contains many acids, which leads
to low pH values (about pH 2), which, in turn, favors the presence of monomeric CO,.
Furthermore, alcohols and acids can undergo esterification reactions [57-61]. The com-
pounds involved in the esterification reactions could also have been formed in the gas
phase. Therefore, esters were accounted for explicitly. The two esters that were quantified
are MeAc and MeFo.

Although H,O has been reported as a product of the partial oxidation of CH, with O,,
to the best of our knowledge, we are the first to quantify its amount. In the literature, the
selectivity to H,O is calculated—if at all—only from mass balance. MeOOH has been
quantified for only one experiment by Goujard et al. [25] so far, who used 'H NMR spec-
troscopy. As a result from structure elucidation, we have also assigned its hemiformal,
HFO. In the present work, only HF and HFO were quantified by NMR spectroscopy, to
account for their amount in the overall amount of MeOH and MeOOH, respectively. Fur-
ther, we have detected and quantified MeAc and EG in the CT sample. The occurrence of
neither of the components has been reported previously, not even qualitatively. Finally, we
were able to identify and quantify additional components as products in the CT sample,
namely MeFo, HAc, EtOH, and Ace. Although these products of cold plasma oxidation of
CH, with O, have been reported previously (MeFo [17-20], HAc [27], EtOH [16, 27], Ace
[27]), little quantitative data were available.

Wet-Chemistry

The mass fraction of H,O in the CT sample was measured with the Karl Fischer titration
method. The mass fraction of FA in the CT sample was measured with the sodium sulfite
titration method with hydrochloric acid as titer [62]. Both wet-chemistry methods used in
the present work directly provide the overall mass fractions [45, 47, 49, 62—65]. The uncer-
tainties of the quantitative results from wet-chemistry are 0.01 g g~ for the mass fraction
of H,0 and 0.02 g ¢! for the mass fraction of FA. They were specified from the average
deviation from repeated measurements including the weighing error.

NMR Spectroscopy

As the total number of moles in the CT sample was unknown, an internal standard,
1,4-dioxane (Diox), was used for calibration. The amount of Diox added to the sample was
chosen such that the mass fraction of Diox in the resulting mixture was about 0.05 g g~ .
An analytical balance from Mettler Toledo (AG204 Delta Range, accuracy 0.1 mg) was
used for preparation. Then, the sample was transferred to a 5 mm NMR tube and analyzed
in a 400 MHz NMR spectrometer from Bruker (magnet: Ascend 400, console: Avance 3
HD 400, Double Resonance Broad Band Probe).
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For the qualitative evaluation, a structure elucidation was carried out by combining
information, such as the chemical shift and multiplicity of peaks, from one- and two-
dimensional NMR techniques. In total, six types of NMR spectra were recorded: 'H; '*C
inverse-gated 1H-decoupled (hereafter referred to as '3C); *C DEPT-135; 13C without 'H
decoupling; 'H,"*C HSQC; and 'H,'*C HMBC. Figures 3 and 4 show the 'H and '*C NMR
spectra of the CT sample gathered in one exemplary experiment at SE/=1.2 J cm™ (exper-
iment 8, cf. Table S 1 in the Supporting Information) and Table 3 gives an overview of all
assigned components and the corresponding peak labels. For some peaks in the 'H NMR
spectrum, also the 13C satellites are visible, which are labeled with an asterisk (*) below
the baseline. Peaks labeled with a question mark (?) have not been assigned. The remain-
ing four types of acquired NMR spectra, i.e., *C without 'H-decoupling; '*C DEPT-135;

4 (e} -OH 5"s |13 o]
HsC 1" “CHj S S
T ot o
10
Qs /O f'o\
/H,\ HO 8™ 0 CH, Hc~  TOH
Hog 2™0H 8" 10
o _OH
| . Ho 1145
‘ H3C"/3\O/3'"3
5 3 H,C12™0H
o 12"
H 4 >0H HaC OH
ﬁ N 3 13
H 50 5" 1 12"
'
8 7 6 2 1

o™/ ppm

Fig. 3 '"H NMR spectrum of the CT sample of experiment 8, the full intensities of some peaks are truncated
for better visibility
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Fig.4 '3C NMR spectrum of the CT sample of experiment 8, the full intensities of some peaks are trun-
cated for better visibility
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Table 3 Peak assignment in the 'H and '*C NMR spectra obtained from the analysis of the CT sample.

Label Component Chemical formula &'/ ppm 53¢/ ppm
I Ace (CH;),CO 211.17
2 HAc CH;COOH 175.85
3 MeAc CH;COOCH; 174.20
4 FAc HCOOH 8.19 165.10
5 MeFo HCOOCH; 8.10 163.82
6 CO, 54 Co, 124.43
7’ HF HO(CH,0)CH,; 5.04 90.70
8 HFO HO(CH,0)OCH; 4.68 89.38
9 MG HO(CH,0)H 4.79 81.85
S Internal standard Diox CH0, 3.70 66.30
10 MeOOH CH,;00H 3.81 64.54
7 HF HO(CH,0)CHj 3.87 62.70
11 EG HO(CH,),0H 3.63 62.52
12° EtOH CH,;CH,0OH 3.61 57.20
8 HFO HO(CH,0)OCH; 3.35 54.20
3 MeAc CH;COOCH; 3.64 51.67
5 MeFo HCOOCH; 3.73 50.93
13 MeOH CH,0H 3.33 48.72
17 Ace (CH3),CO 2.18 29.86
27 HAc CH;COOH 2.04 20.05
3 MeAc CH;COOCH; 2.04 19.70
12> EtOH CH;CH,OH 1.14 16.70
-OH H,0, hydroxyl groups H,0,-OH 4.86

The bold font in the chemical formula indicates the functional group corresponding to the peak. The values
of the shifts are those for the CT sample of experiment 8 at SE/=1.2J cm™>,

'H,'3C HSQC; and 'H,"3C HMBC as well as further details on the structure elucidation are
presented in the Supporting Information. Also, 'H and '*C NMR spectra of CT samples
from two additional experiments at 0.4 and 6.0 J cm™ are provided there. From the struc-
ture elucidation, we were able to assign 14 individual components. Among them, MG, HF,
and HFO stem from the reactions of FA with H,O, MeOH, and MeOOH (cf. Sect. "Over-
view", for more information on NMR spectroscopic analysis of formaldehyde-containing
samples, see [45, 46, 49, 52, 66]).

For the quantitative evaluation, 'H and '3C NMR spectra were acquired at 303 K.
The phase and baseline corrections were performed by using automatic routines from
MestReNova (version 14.2.2). The full set of acquisition and processing parameters is
listed in Table S 3 in the Supporting Information. The mass fractions of the components in
the NMR sample were determined according to Eq. (4).

M.
(m),NMR __ (m),NMR i
'xi - CixDiox ’ (4)

Diox

@ Springer



Plasma Chemistry and Plasma Processing (2023) 43:513-532 523

where (; is the molar ratio of component i to the internal standard and M, is the molar mass
of component i. The molar ratio {; was calculated from the peak areas AiNMR accounting for
the corresponding number of atoms N; as indicated in Eq. (5).

A?IMR NDiox
AN, ®

The peak areas A;\MR were determined for peaks that were available for direct integra-
tion, i.e., where no overlapping with other peaks occurred. In general, peaks in 'H NMR
spectra show more overlap than peaks in '°C NMR spectra due to the relatively high
exchange rate of H atoms, especially those of the hydroxyl (-OH) groups, in contrast to C
atoms. Hence, most of the components were quantified with >C NMR spectroscopy only,
which was possible as quantitative NMR techniques were used.

For components for which more than one peak was available for direct integration, both
peaks were used, and the obtained molar ratios were averaged. In Egs. (4)—(5) i refers to
either of the components Ace, COMq, EG, EtOH, FAc, HAc, MeOH (incl. HF), MeOOH
(incl. HFO), MeAc, and MeFo. The uncertainties of the mass fractions of the components
obtained from quantitative NMR results are derived from the deviations between the results
from 'H and '>C NMR spectra including the weighing error and are 0.01 g g~

Gas Chromatography

The gaseous fraction of the product stream was analyzed at-line in a GC equipped with
a thermal conductivity detector and a dual column from Agilent (GC: Series 6890, col-
umn: CP7430 comprised of PoraBOND Q and Molsieve 5 /0\). Two different carrier gases,
helium (He) and nitrogen (N,), were used in all experiments, except for the experiments
1-7 (cf. Table S 1 in the Supporting Information), where only He was available. The two
carrier gases were applied subsequently.

In the GC analysis, five products: CO, CO,, C,H,, C,H,, and H,, as well as the educts
CH, and O,, and the inert gas Ar were quantified. The assignment of retention times was
done using reference components. In some experiments, a slight elevation of the baseline
was detected in the chromatogram, which is probably caused by traces of the highly reac-
tive ozone. This was verified by operating the DBD cold plasma reactor with only O, and
Ar, which led to the same baseline elevation. We assume that ozone damages and reacts
with the stationary phase of the column and, thus, does not elute giving a well-defined
retention time but rather a broad baseline elevation.

For the quantitative evaluation, a calibration using reference gases was carried out in
which the calibration factors k; were determined by linear regression of known pairs of
partial pressure p; and area A,°C in the chromatogram. The accuracy of the GC analysis
depends strongly on the uncertainty of the calibration factor. Where more than one signal
was obtained for the same component for both carrier gases, the one with the higher cali-
bration accuracy was used.

The areas from the chromatograms and determined calibration factors k; are used to
calculate the partial pressure p; of the components in the gaseous fraction of the product
stream as in Eq. (6).

pi =k ASC (6)
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In Eq. (6), i refers to either of the components Ar, CH,, O,, CO,, CO, H,, C,Hy, and
C,H,. Each time V-III was switched to injection mode, the in-line pressure p (cf. Fig. 2)
was recorded. Assuming a mixture of ideal gases, the mole fractions x; in the gaseous frac-
tion of the product stream can be calculated according to Eq. (7)

=i
p

X,
i

(N
where p; refers to the partial pressure of either of the components Ar, CH,, O,, CO,, CO,
H,, C,H, and C,H,. For each experiment, at least three chromatograms were recorded
for each carrier gas during the steady-state operation. The resulting values for the mole
fractions were then averaged for each component. The only exception is the noble gas Ar,
which is not converted in the cold plasma reactions and for which we have neglected the
solubility in the CT sample. Hence, Ar was used as an internal reference gas with a known
molar flow, allowing for the calculation of the total molar flow of the gaseous fraction of
the product stream. Two typical chromatograms—one for each carrier gas—with the reten-
tion times and information on GC acquisition parameters as well as the calibration factors
and individual standard uncertainties are compiled in the Supporting Information.

Conversions and Selectivities

The conversion X; is defined as given in Eq. (8)

X, =- ®)

where j refers to either of the reactants CH, or O,, r'zj‘.) refers to the molar flow at the inlet,
and 7 refers to the molar flow at the outlet of the reactor.
The selectivity to the product components was calculated accounting for the number of
C atoms in the product component (hereafter referred to as C-selectivity). The C-selectiv-
ity to 14 product components, i.e., Ace, CO, CO,, C,Hy, C,H,, EG, EtOH, FA, FAc, HAc,
MeAc, MeFo, MeOH, and MeOOH was calculated as defined in Eq. (9)
n; 1

Sic= " ©)

— v,
ey, — Men,  ViC

where v, is the number of C atoms in component i and 7; refers to the molar flow of the
product component at the outlet of the reactor. For CO,, the sum of the molar component
flows of the CT sample and the gaseous fraction was used. The selectivity to the product
components without any C atoms was calculated accounting for the number of H atoms in
CH, and in the product component, respectively (hereafter referred to as H-selectivity).
The H-selectivity to the two product components H,O and H, was calculated as defined in
Eq. (10)

Sin=—5———"7— (10)
iH= g -
— V.
nCH4 Ny, i,H

where v; y; is the number of H atoms in component i.
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The uncertainties of the conversions and selectivities were calculated individually for
each experiment from error propagation including all analytical uncertainties as stated
above.

Results and Discussion
General Remarks

As the individual results scatter quite strongly, it is hard to discern trends from cor-
responding plots. Therefore, for the representation in Figs. 5, 6, and 7, the results from
experiments with approximately the same SEI (interval width 0.3 J cm™>) were used to
obtain a single averaged value, which is plotted together with the standard deviation of
the results from the average. Where there was only a single value in the interval, the
error bar was obtained from the average of the standard deviations of the other data
points. Additionally, the results from linear fits through the data points are shown. The
full set of numerical results and plots of the individual data points are given in the Sup-
porting Information.

The electrical energy required to produce one mole of product is in a range from 0.5
to 1.0 kWh mol~!. The products are defined hereby as all components excluding the
non-converted reactants as well as H,O and CO,.

Conversions

Figure 5 shows the results for the conversions X; of CH, and O, as a function of the SEI.
While the conversion of O, covers basically the entire range up to full conversion, the
maximal conversion of CH, is about 0.32, which is a consequence of the excess of CH,
over O, in the feed. The conversion of O, increases linearly with increasing SEI. A simi-
lar trend is observed for the conversion of CH,. In the present work, the variation of SEI
was obtained by varying the power P and the residence time z, as the SEI combines both
variables into a single variable (cf. Eq. (3)).

Fig.5 Conversions of CH, and 1.0
0,

06

04

X;/ mol mol!

02

0.0

2 4
SEI/J cm3
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Selectivities

Figure 6 panels a—e show the C-selectivities to all carbon-containing products that were
quantified in this work. In comparing the results from the different panels in Fig. 6, the
different scales for the selectivity should be considered. In some cases, the value of the
selectivity obtained at the smallest SEI deviates strongly from the general trend, such
that it was not included in the data base for the fit. At the smallest SEI, the residence
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time of all experiments in this interval is 0.5 s, which is the shortest of all, and the aver-
age temperature increase between the reactor inlet and outlet is about 20 K, whereas it
is only about 5 K in all other experiments. The deviations from the general trend that
were observed for the selectivity along with a higher temperature increase in the reac-
tor could origin from exothermic reactions taking place that have a significantly higher
absolute reaction enthalpy. Results from an element balance also indicate that the high-
est number of undetected elements is present at the smallest SEI. Taking the measure-
ment uncertainties into account, the element balances are closed for all experiments and
all three elements, i.e., C, H, and O atoms. More information on the temperatures and
the element balances are given in the Supporting Information.

Although the C-selectivities to a few components scatter significantly, still trends can
be discerned: the C-selectivities to CO and CO, increase with increasing SEI and the
inverse tendency seems to hold for the C-selectivities to FAc, MeOH, MeOOH, FA, and
MeFo. For the C-selectivities to C,Hq, C,H,, HAc, EtOH, MeAc, EG, and Ace no clear
trend is discernable. In general, the C-selectivities to many oxidized products present in
the CT sample (FAc, MeOH, MeOOH, FA, and MeFo) decrease with increasing SEI,
while the selectivities to oxidized products present in the remaining gaseous stream, i.e.,
CO and CO, increase with increasing SEI.

Figure 7 panel a shows the H-selectivities to H,O and H,. Again, the results found
for the smallest SEI deviate strongly from the general trend. Furthermore, the amount
of H, found for the lowest SEI was below the limit of detection in most cases. For SEI
above about 1 J cm™>, the H-selectivity to H,O decreases with increasing SEI, while the
H-selectivity to H, increases.

Obviously, the C-selectivities and the H-selectivities are directly coupled. As an
example, we show molar ratios of (H,:CO,) and (H,:CO) in the product stream as a
function of SEI in Fig. 7 panel b. As mentioned above, at the lowest SEI, the concen-
tration of H, exceeded the limit of detection only in one experiment. For SEI above
1 J cm™3, the molar ratio of (H,:CO) was about 0.95+0.11, while the molar ratio of
(H,:CO,) was about 1.80+0.20. These almost constant values of the molar ratios are
the result of the same trends of the conversions to H, on the one side and CO and CO,
on the other side, which both rise with SEI (cf. Figure 7 panel a and Fig. 6 panel a).

The trends for the selectivities as a function of residence time, observed in the experiments
of the present work, are compared in the following to trends observed in previous experimental
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studies from the literature of the partial oxidation of CH, with O, in non-catalyzed DBD cold
plasma reactors. Also, predictions of these trends from reaction kinetic models are included in
this qualitative comparison.

The experimental results of Yi et al. [40] for CO, CO,, MeOH, FAc, and FA, and of Larkin
et al. [18] for H, confirm the trends found in the present work. The trends observed by Larkin
et al. [18] for MeFo and C,H and by Bhatnagar and Mallison [16] for EtOH, do not agree
with those from our study. To the best of our knowledge, for all other product components dis-
cussed in the present work, i.e., MeOOH, C,H,, HAc, MeAc, EG, Ace, and H,0, no experi-
mental data on the dependence of the selectivity on the residence time is available.

De Bie et al. [41] have recently published a detailed reaction kinetic model of the partial
oxidation of CH, with O, in DBD cold plasma reactors. For CO, CO,, and H,, their model
predicts the same trends for the selectivity as observed in the present work, while for MeOH,
MeOOH, FA, and H,O the opposite trends were found. Furthermore, EtOH as well as hydro-
carbons are included in the model of De Bie et al. [41], however, they report that these compo-
nents are only present in trace amounts in the product in experiments with partial conversion
of oxygen (as they were carried out in the present work) and no statement on the influence of
the residence time is made. In the experiments of the present work, EtOH is a minor compo-
nent, as predicted by the model of De Bie et al. [41], however, substantial amounts of hydro-
carbons were found. All other products, for which experimental data are provided in the pre-
sent work, i.e., FAc, MeFo, HAc, MeAc, EG, and Ace, were not included in the model of De
Bie et al. [41].

Besides the experimental data discussed above, Yi et al. [40] report also results from reac-
tion kinetic modeling. For CO, CO,, and MeOH, they found similar trends as those observed
in the present work, while for FAc the opposite trend was found. HAc as well as EtOH were
predicted to be only present in trace amounts, which is confirmed by the results from the pre-
sent study.

This short comparison shows that there is still much work to do on the way to predictive
reaction kinetic modeling of the partial oxidation of CH, with O, in DBD cold plasma reac-
tors. The qualitative trends for the selectivities to CO and CO, are predicted correctly by the
discussed models from the literature, but for most of the other components, open questions
remain: there are contradictions between the predictions of different models, but also contra-
dictions between experimental data from different sources. Furthermore, the available models
do not cover many of the components for which we have provided data now.

These open questions are not astonishing; they are a consequence of the complexity of a
reaction network that is triggered by the cold plasma and the lack of data which is needed
to test and parametrize the corresponding complex models. The present work provides both
qualitative and quantitative experimental data which are needed for this purpose.

Conclusions

In the present work, a detailed analysis of the product spectrum, obtained during the partial
oxidation of methane (CH,) with oxygen (O,) in a dielectric barrier discharge (DBD) cold
plasma reactor, was performed in a series of 23 experiments. The reactor was operated near
ambient conditions and argon was used as inert gas. The feed composition was the same
in all experiments: the molar reactant ratio (CH,:0,) was 2:1, the argon mole fraction was
0.75 mol mol~".
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The influence of the variation of the electrical power P and the volumetric feed flow rate
V0 (i.e., the residence time 7 in the reactor) can be described well by lumping both factors
into the specific energy input SEI=P/V°.

A comprehensive qualitative and quantitative analysis of the product spectrum as well
as unconverted feed components was conducted by a combination of NMR spectros-
copy, wet-chemistry methods, and gas chromatography. All in all, quantitative results are
reported for 16 components, more than in any previous study of partial oxidation of CH,
with O, in cold plasma.

The variation of the SEI was performed in the range from 0.3 to 6.0 ] cm~, where a
roughly linear influence of the SEI on the conversions of CH, and O, was found. In con-
trast, the influence of the SEI on the selectivities to the different products depends strongly
on the products: the selectivities to carbon monoxide, carbon dioxide, and hydrogen were
found to increase with increasing SEI, while those for the products formic acid, methanol,
methyl hydroperoxide, formaldehyde, methyl formate, and water decreased with increasing
SEI. For the selectivities to ethane, ethene, acetic acid, ethanol, methyl acetate, ethylene
glycol, and acetone, no clear trend was found. The molar ratios of hydrogen to carbon mon-
oxide and to carbon dioxide were found to be independent of the SEI and were (H,:CO)=1
and (H,:CO,)=1.8.

Cold plasma enables new reaction routes at mild conditions, which is boon and bane at
the same time. The new options are highly interesting, but they come at the price of a broad
product spectrum. Learning how we can influence that product spectrum is worthwhile and
should not only rely on empirical studies as the one we have carried out here. The key is to
understand the complex reaction network that is triggered by the cold plasma. Developing
reaction kinetic models to describe this network and the influence of the different process
parameters on it is a formidable task. Its success strongly depends on the availability of
sufficiently large sets of meaningful experimental data. First steps on this way have already
been taken in the literature but qualitative predictions from available models are still uncer-
tain, whereas the ultimate goal would be quantitative predictions. The new experimental
data provided in the present work are a valuable asset for the future work in this field.
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